Local CBF ( LCBF) in the rat was dete rmined using [14Cliodoantipy rine auto radiog raphy. Adenosine and S'-( N-ethyl)ca rboxamidoadenosine in a IS-min infu sion had no significant effect on LCBF, although the re was a tendency to inc rease. �-Cyc1ohexyladenosine ( CHA) and 2-chlo roadenosine ( 2-CAD O) significantly dec reased LCBF in a numbe r of brain regions. Lase r Dopple r expe riments using CHA confi rmed that CHA dec reased CBF and that this change was monophasic. Furthe r expe riments involving the use of e4C]2-deoxy-
5'-(N-ethyl)carboxamidoadenosine (NECA), in the dose range of 10-9_10-6 M, produced vasocon strictions of up to 39, 68, 9, and 5% , respectively, in the presence of 8-phenyltheophylline (McBean et al., 1988) . These findings that known vasodilators were producing vasoconstriction, coupled with those of Livemore and Mitchell (1983) , which showed that 10-6 M adenosine decreased CBF but 10 -4 and 10 -3 M adenosine increased CBF, prompted us to investigate the effects of adenosine and a variety of adenosine analogues to examine what effects they would have on CBF in the rat in VIVO.
MATERIALS AND METHODS

Animal preparation
The expe riments we re carried out using male Sprague Dawley rats weighing between 300 and SOO g. Anesthesia was induced using a mixture of 70% nit rous oxide (N20) and 30% oxygen (02), containing S% halothane. Anaes thesia was maintained by means of a face mask, using 2% halothane in the N20/02 mixture. A tr acheostomy was perfo rmed and anaesthesia was then maintained by me chanical ventilation using O.S% halothane in the same N20 /02 mixtu re. Small incisions, -1.5 cm long, were made in the groin on both sides of the animal to expose the femoral vessels. Polythene catheters (15 cm long, external diameter 0.96 mm), filled with heparinised sa line, were inserted into both femoral arteries and veins, thus allowing the continuous measurement of arterial blood pressure, the withdrawal of arterial blood samples, and the administration of drugs and radioactive tracers. Prior to exposure of the internal carotid artery, the halo thane level was raised from 0.5 to I % to ensure a suffi cient depth of anaesthesia to carry out the surgery. A blunt dissection was made in the neck, to the right of the tracheal tube, to expose both the right common and the external carotid arteries. A heparinised catheter ( 40 cm long, external diameter 0.63 mm) was inserted into the external carotid artery and advanced until it lay at the bifurcation of the external and internal carotid arteries, thus allowing any substances injected into the catheter to mix with the blood flowing up the common carotid artery and pass into the internal carotid artery.
On completion of the neck surgery, in the auto radio graphic experiments, the halothane level was gradually lowered from 1 to 0.5% over a period of �30 min; it was under this level of anaesthesia that the [14C]iodoanti pyrine ( [14C]/IAP) and [14C]2-deoxyglucose ( [14C]2-DG) experiments were carried out. After the neck surgery, the animals to be used in the laser-Doppler experiments, were placed chest down and a circular hole, 5 mm in diameter, was drilled on the surface of the skull to expose an area of the cerebral cortex. The dura was removed and the laser was positioned over this hole to measure CBF.
Arterial blood pressure, Pco2, Po2, pH, bicarbonate ( HC03 -) concentration, base excess, and core body tem perature were monitored throughout the course of each experiment.
Determination of local CBF using [ 14 C]IAP autoradiography
Local CBF ( LCBF) was measured using a quantitative autoradiographic technique with [14C]lAP as the radioac tive tracer ( Sakurada et aI., 1978) . The [14C]IAP ( 50 f.LCi in 1.5 ml of saline) was infused intravenously at a loga rithmically increased rate over 30 s by means of a Har vard infusion pump. During this time arterial blood was allowed to drip freely from a catheter in one of the fem oral arteries and 18 samples were collected on pre weighed filter paper discs. The discs were weighed after the experiment, thus allowing the calculation of the weight of each sample. The course of the experiment was recorded on an audio-cassette recorder, which allowed the time of each sample and the time of decapitation of the animal at � 30 s to be measured precisely by a deciminute timer. Following the decapitation the brain was dissected out and frozen in isopentane at -42°C within �2-3 min. The filter paper discs were placed in scintillation vials and 0.4 ml of hydrogen peroxide and 0.1 ml of water were added to bleach the blood and extract the radioisotope. Ten milliliters of liquid scintillant was added, the vials were tightly capped, and liquid scintilla tion analysis was carried out.
Brain sections ( 20 f.Lm) were cut on a cryostat at -22°C and 3 out of every 13 sections were mounted on glass coverslips and dried on a hot plate. Autoradiograms were prepared from these sections, together with a set of cal ibrated plastic standards ( 44-1,175 nCi/g), by placing them in a light-tight cassette in contact with x-ray film ( Kodak GRS) for 10-14 days. The resulting images on the x-ray films were analysed using a computer-based densi-tometer ( Quantimet 720; Cambridge Instruments, Cam bridge, England) with reference to the precalibrated stan dards. Optical density readings were measured on five sections for each of the 34 brain regions being studied and the mean optical density obtained. Using these data and making comparisons with the optical density of the pre calibrated standards and the arterial [14C] levels, the CBF of each region was calculated using the equation derived by Kety (1960) and developed for this technique by Sakurada et al. (1978) .
Determination of CBF using laser-Doppler flowmetry
The flowmeter used in the experiments ( Periflux Pf2; Perimed KB, Stockholm, Sweden) measures the total mi crovascular blood cell flow through the measured vol ume, i.e., the region of the brain surface that the laser beam covers. The measurement comprises all the vessels crossing this volume irrespective of the direction of the blood cell movement. The flowmeter reacts only to the movement of discrete bodies such as blood cells, and not to the flow of homogeneous liquids like plasma or lymph. The measurements made are only relative and no numer ical value can be put on them in terms of milliliters per 100 g per minute as is done in the autoradiographic experi ments.
Determination of local cerebral glucose utilisation using [ 14 C]2_DG autoradiography
Local cerebral glucose utilisation ( LCGU) was mea sured using the quantitative autoradiographic technique with [14C]2-DG as the radioactive tracer ( Sokoloff et aI., 1977) . The measurement was initiated by the intravenous injection of a bolus of [14C]2-DG ( 50 f.LCi in 0.7 ml of saline). During the following 45 min, 14 samples of arte rial blood were obtained at predetermined times ( 0, 15, 30,45 s, 1,2,3,5, 7.5, 10, 15,25,35, and 45 min) . These arterial samples were then centrifuged and �23 f.LI of plasma was taken for the determination of 14C concentra tion in the plasma, with another 10 f.LI being used to mea sure the plasma glucose levels by means of a semiauto mated glucose oxidase assay ( Beckman). Forty-five min utes after the administration of the [14C]2-DG, the rat was killed by decapitation; following this the brain was dis sected out and frozen in isopentane at -42°C within 2-3 min. The frozen brain was coated in an embedding matrix and coronal sections 20 f.Lm thick were cut on a cryostat at -22°C. Three sections out of every 13 were mounted on glass coverslips and rapidly dried on a hotplate.
Autoradiograms were prepared from these sections, to gether with a set of pre calibrated standards ( 44-1,175 nCii g), by placing them in a light-tight cassette in contact with x-ray film ( Kodak GRS) for up to 30 days. The length of exposure time was determined by the value of the plasma integral, as obtained from the raw blood data. The result ing images on the x-ray films were analysed using a com puter-based densitometer ( Quanti met 720) with reference to the precalibrated standards. Optical density readings were measured in both hemispheres on five sections for each of the 37 brain regions under examination and the mean optical density for both hemispheres obtained. Us ing these data ( i.e., the 14C concentration in each brain region), the history of the 14C and the glucose levels in the arterial plasma during the experimental period, the appro priate rate constants for the rat and the operational equa-tion devised by Sokoloff et al. (1977) , the rate of glucose utilisation in each brain region was calculated.
Experimental design
Owing to its rapid breakdown in plasma by the enzyme adenosine deaminase, which converts adenosine to ino sine, plus its potent peripheral hypotensive action, adenosine was administered via the internal carotid ar tery. The adenosine analogues that also exhibit hypoten sive actions were also administered via the internal ca rotid artery. The compounds were administered using a Harvard infusion pump at a rate of -50 IJ.J/min for the 15 min preceding and the 30 s of the lAP blood flow exper iment, for the 15 min preceding and the 45 min of the 2-DG experiment, and for the 15 min 30 s of the laser Doppler experiment at the concentrations given in the text for each compound.
To get some approximation of what concentration of the compounds is actually reaching the brain, we must first take into account the blood supply to the rat brain. If we take the cerebral blood supply in the rat to be 70 ml/l00 g/min, then for an average rat brain of 2 g, we have a blood flow of 1.4 ml/min. If we then assume that two thirds will go via the basilar and the contralateral carotid artery and one-third via the infused carotid, we have a carotid blood flow of -470 ILl/min. Since we are infusing at 50 ILl/min via the carotid artery, the compounds are being diluted -1: 10 immediately in the plasma. If we then assume no further dilution or metabolism of the com pounds, the concentration of the compounds reaching the blood-brain barrier will be one-tenth of the administered concentration.
Although the compounds were administered via the right internal carotid artery, changes in flow, in the lAP and 2-DG experiments, were looked for not only in those regions supplied by the right internal carotid artery ( Yamori et aI., 1976) but in both hemispheres of the brain including a number of discrete brain regions not supplied by the internal carotid artery.
In the laser-Doppler experiments, the probe head was positioned over a hole in the skull, slightly to the right of the midline on the cortical surface and lowered until a stable baseline reading of the flow rate was achieved on the recorder. The changes in flow rate were recorded on the chart recorder and for both the saline and the CHA infusions were monitored throughout the 15.5 min of the study. The percentage changes in flow rate relative to the initial baseline level were calculated at specific time points throughout the course of the experiment. Each an imal acted as its own control; i.e., it received the saline infusion first, and after a recovery period of -20 min, during which the baseline returned to its presaline level, it received the CHA infusion.
Drugs and solutions used
The following drugs were used in the experiments: 2-CAD O; NECA ( Sigma, St. Louis, MO , U.S.A.), and CHA ( Calbiochem). All solutions were made up in 0.9% saline.
Analysis of the data
In the autoradiographic experiments, the flow values and glucose utilisation values for each of the drug-treated groups ( in both the ipsi-and the contralateral hemi spheres) were compared with those of the saline-treated control group by means of a Student t test incorporating J Cereb Blood Flow Metab, Vol. 9, No.4, 1989 the Bonferroni correction factor for multigroup compari sons. Significance was looked for at the 5% level.
In the laser-Doppler experiments, the percentage changes in flow produced by saline and CHA at each of the specific time points were compared by means of a Student t test and significance was looked for at the 5% level.
RESULTS
[ 14 C]IAP autoradiography
The following physiological parameters were monitored throughout the course of all the experi ments: Pco2, Po2, mean arterial blood pressure, core body temperature, bicarbonate (HC03 -) con centration, base excess, and pH. No significant al terations in these parameters were found in any of the autoradiographic experiments reported (see Ta bles 1 and 2).
Adenosine at a dose of 3 x 10 -7 mol/min did not produce any significant change in LCBF either ip silateral or contralateral to the side of infusion. However, it showed a tendency to increase LCBF in a number of the 34 brain regions studied, e.g., the visual and parietal cortices, the lateral geniculate, and the globus pallidus.
NECA at a dose of 10 -11 mol/min did not pro duce any significant change in LCBF either ipsilat eral or contralateral to the side of infusion. How ever, as with adenosine, NECA also showed a ten dency to increase LCBF in a number of the 32 brain regions studied, e.g., the visual, auditory, and an terior cingulate cortices and the genu.
2-CADO at a dose of 10 -9 mol/min produced sig nificant decreases in LCBF in 3 of the 32 ipsilateral brain regions studied: globus pallidus, red nucleus, and cerebellum nucleus (see Table 3 ). 2-CADO also produced significant decreases in 3 of the 33 con tralateral brain regions studied: sensorimotor cor tex, cochlear nucleus, and cerebellum nucleus (see Table 3 ). 2-CADO also showed a tendency to de crease LCBF in the other brain regions, which failed to reach statistical significance. Laser-Doppler flowmetry 551 CRA at a dose of 10-10 mol/min produced signif icant decreases in 11 of the 32 ipsilateral brain re gions studied: sensorimotor and frontal cortices, medial and lateral geniculates, lateral habenula, caudate nucleus, globus pallidus, superior olive, dentate gyrus, cerebellum nucleus, and cerebellum hemisphere (see Table 3 ). CRA also produced sig nificant decreases in 6 of the 33 contralateral brain regions studied: sensorimotor cortex, globus palli dus, vestibular nucleus, red nucleus, cerebellum nucleus, and cerebellum hemisphere (see Table 3 ).
Various physiological parameters were moni tored before both the saline and the CRA infusions (see Table 4 ), but there were no differences found between the groups for each of the parameters stud ied.
The percentage changes in CBF produced by in fusions of saline were taken as the control values and the changes produced by CRA were compared with those controls at each time point (see Table 5 ). All values are expressed as means ± SD. n = 6 in all cases. No significant differences in any of the parameters between � cyclohexyladenosine (CHA) and saline control.
The changes produced by CHA were significant at 5, 10, 15, and 15.5 min.
[ 14 C]2-DG autoradiography
The following physiological parameters were monitored throughout the course of all the experi ments: Peo2, Po2, mean arterial blood pressure, core body temperature, bicarbonate (HC0 3 -) con centration, base excess, and pH. No significant changes in any of these parameters were found with any of the experiments reported in this section (see Table 6 ).
No significant alterations in LCGU were ob served with any of the analogues used in either the ipsi-or the contralateral hemispheres. Table 7 shows those areas where CHA and 2-CADO pro duced significant alterations in LCBF.
DISCUSSION
Adenosine and the adenosine analogues have been shown previously to be vasodilators both in vitro (Edvinsson and Fredholm, 1983; McBean et aI., 1988) and in vivo (Gregory et aI., 1980) . There fore, one would have expected them to produce in creases in LCBF. This was, in fact, the case with adenosine and NECA, which both showed a ten- -2.8 ± 6.5 (6) 0.1 ± 8.6 (6) 1.6 ± 11.4 (6) 6.2 ± 11.2 (6) 4.2 ± 7.4 (6) 7.2 ± 7.8 (6) 10.3 ± 7.5 (6) 10.6 ± 7.3 (6) 10 -10 mol/min CHA -3.5 ± 5.9 (6) -2.8 ± 6.0 (6) -5.8 ± 11.4 (6) -5.4 ± 17.0 (6) -9.9 ± 7.4 (6)a -18.8 ± 14.4 (6t -20.0 ± 16.0 (5)a -17.6 ± 12.9 (5t All values are expressed as means ± SD, given as % change in CBP from baseline level. Values in parentheses are n values.
a p < 0.05, Student's t test comparing (CHA) value with the corresponding saline control value at each time point.
J Cereb Blood Flow Me/ab, Vol. 9, No.4, 1989 dency to increase LCBF. These increases in LCBF, however, were not significant, unlike the changes produced by adenosine in other species. Adenosine infused via the carotid artery in baboons has been shown to produce significant increases in global CBF (Forrester et aI., 1979) . Adenosine injected via the carotid artery at a variety of concentrations has been shown to have no significant effect on blood flow in the cerebrum, brainstem, and cerebellum of the dog (Heistad et aI., 1981) . The lack of a signif icant effect with adenosine in this study could be attributed to the fact that it was degraded by various enzymes, including adenosine deaminase. There fore, the concentrations of this compound reaching the site of action were not sufficient to elicit a sig nificant alteration in LCBF.
One possible explanation for the different results produced by the various agonists could be their ability to cross the blood-brain barrier. NECA and CHA are more lipophilic than adenosine and 2-CADO, and will therefore cross the blood-brain barrier more readily. Since CHA and 2-CADO are both producing the unexpected decreases in LCBF, it seems unlikely that the ability to cross the blood brain barrier determines the type of effect produced by the analogues.
An explanation still has to be found for the de creases in flow produced by CHA and 2-CADO. 2-CADO, along with NECA and adenosine, has been shown to increase LCBF in the rat when in fused locally into the brain tissue (van Wylen et aI., 1987) , although any direct comparison of these re sults with our findings is not possible since the con centrations used by van Wylen et ai. were much greater than those used in this study.
The results in our study also showed that de creases in LCBF were apparent in areas other than those supplied by the right internal carotid artery (Yamori et aI., 1976) and also in the hemisphere contralateral to the side of infusion. Both CHA and 2-CADO are stable analogues of adenosine and are not susceptible to degradation by the enzyme ade nosine deaminase. Therefore, the changes probably occurred as a consequence of sufficient concentra tions of CHA and 2-CADO circulating around the animal and passing back into the brain via the con tralateral internal carotid as well as via the other arteries (i.e., the basilar artery) supplying the con tra-and ipsilateral hemisphere of the brain.
The results from the laser-Doppler study showed that the adenosine analogue CHA did indeed pro duce a decrease in CBF and that this effect was monophasic; i.e., at no time during the 15.5-min infusion was any increase in CBF apparent. The laser-Doppler technique is becoming more accept- able as a method of measuring CBF. In a recent study by Skarphedinsson et al. (1988) , CBF was measured by both hydrogen clearance and laser Doppler. The results from this study showed a lin ear relationship between the relative values of change in blood flow obtained with hydrogen clear ance and laser-Doppler flow me try , although the lin earity was significantly different from the line of identity. The flow values obtained with hydrogen clearance by Skarphedinsson et al. corresponded well to those of others obtained with e4C]IAP au toradiography in the rat cortex, and this in turn gives credibility to the changes in flow detected by the laser-Doppler technique since they correspond well to those obtained with hydrogen clearance. One problem that remains to be answered with the laser-Doppler technique is that of depth sensitivity in the brain, i.e., to what depth in the brain the laser beam penetrates.
The results from the e 4 C]2-DG autoradiographic study showed that I5-min infusions of adenosine, CHA, 2-CADO, and NECA, at the same concen trations as used in the LCBF study, had no effect on LCG U. These results showed, therefore, that the observed vascular changes were not secondary to any changes in metabolic demand. Since halothane is known to be a potent dilator of cerebral blood vessels (McDowall, 1967) , the use of this anaesthetic could decrease the sensitivity of the method to detect vasodilatation and exaggerate any vasoconstrictor response. The technique has al ready been used to show significant increases in blood flow produced by the calcium agonist nimo dipine (Mohamed et aI., 1984) . Therefore, the tech nique is a valid one to use in examining the vascular effects of the adenosine analogues.
A reason still has to be found for the vasocon strictive effects of CHA and 2-CADO, which re sulted in the observed significant decreases in LCBF. Adenosine has been seen to produce vaso constriction in a number of studies. However, in these studies the observed effects have been attrib uted to the secondary release of serotonin in the rat femoral vascular bed and tail artery (Sakai, 1978; Brown and Collis, 1981) and to a relationship be tween adenosine and angiotensin II in the kidney (Spielman and Oswald, 1979) . It could be that CHA and 2-CADO were acting through similar serotonin mechanisms in the brain to produce the observed vasoconstrictions.
Decreases in flow have been observed when ad enosine was injected into the rabbit hypothalamus (Livemore and Mitchell, 1983) . In this study injec tions of 10-4 and 10-3 M adenosine produced the increases in flow expected of a vasodilator. How ever, an injection of 10-6 M adenosine produced a significant 25% decrease in hypothalamic blood flow. These results show a trend similar to the find ings in the isolated vessel preparation (McBean et aI., 1988) , where low concentrations of adenosine produced a vasoconstriction and high concentra tions produced a vasodilatation. The vasoconstric tion of the hypothalamic vessels (Livemore and Mitchell, 1983 ) was a consequence of the direct ac tion of adenosine on adenosine receptors on the vessels, since neither adrenergic blockade nor the inhibition of neuronal activity was able to block the effect. The identity of the vasoconstrictive adenos ine receptor was not determined in this study by Livemore and Mitchell (1983) . However, it may be possible that 2-CADO and CHA were acting through similar receptors in the rat to produce the significant decreases in LCBF obtained in this study.
The results show that there was no apparent dif ference between the effects of the analogues on the cortical and non cortical brain regions since signifi cant changes were apparent in both areas. The ob served changes in LCBF were not only apparent in those areas supplied by the internal carotid artery. There was no physiological significance to the areas J Cereb Blood Flow Me/ab, Vol. 9, No.4, 1989 affected by the compounds; i.e., the effects ap peared to be randomised.
The results obtained in this study with the ade nosine analogues CHA and 2-CADO were not what was expected of known vasodilators. However, fur ther work is required to determine the exact mech anism mediating the observed effects, paying par ticular attention to those factors involved in medi ating the vasoconstrictive actions of adenosine in other tissues and studies.
